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ABSTRACT

During development, the mammalian lung undergoes several rounds
of branching, the rate of which is tuned by the relative pressure of
the fluid within the lumen of the lung. We carried out bioinformatics
analysis of RNA-sequencing of embryonic mouse lungs cultured
under physiologic or sub-physiologic transmural pressure and
identified transcription factor-binding motifs near genes whose
expression changes in response to pressure. Surprisingly, we found
retinoic acid (RA) receptor binding sites significantly overrepresented in
the promoters and enhancers of pressure-responsive genes.
Consistently, increasing transmural pressure activates RA signaling,
and pharmacologically inhibiting RA signaling decreases airway
epithelial branching and smooth muscle wrapping. We found that
pressure activates RA signaling through the mechanosensor Yap. A
computational model predicts that mechanical signaling through Yap
and RA affects lung branching by altering the balance between
epithelial proliferation and smooth muscle wrapping, which we test
experimentally. Our results reveal that transmural pressure signals
through RA to balance the relative rates of epithelial growth and smooth
muscle differentiation in the developing mouse lung and identify RA as
a previously unreported component in the mechanotransduction
machinery of embryonic tissues.

KEY WORDS: Mechanosensor, Morphodynamics, Mechanical
stress, Computational modeling, Tension

INTRODUCTION

The mammalian lung comprises a branched network of tubes that
form a stereotyped tree (Fujii et al., 2020; Metzger et al., 2008). Two
morphogenetic motifs build this tree: domain branching of one
epithelial tube off the side of another and terminal bifurcation of the
tip of an epithelial tube into two daughter branches (Metzger et al.,
2008). Domain branching and bifurcation occur concomitantly with
stereotyped differentiation of airway smooth muscle (ASM), a
contractile tissue that sculpts the proliferating epithelium into new
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branches in lung explants (Goodwin et al., 2020; Goodwin et al.,
2019; Kim et al., 2015). Branching morphogenesis and ASM
differentiation are regulated by several soluble signals that form
reciprocal feedback loops among the epithelium, mesenchyme and
mesothelium, including fibroblast growth factor 10 (Fgf10), Fgf9,
sonic hedgehog (Shh), Wnts and bone morphogenetic protein 4
(Bmp4) (Swarr and Morrisey, 2015; Yi et al., 2009). It remains
unclear, however, what coordinates the relative rates of epithelial
growth and ASM differentiation.

In addition to these biochemical signals, the embryonic lung is
exposed to a complex mechanical microenvironment. The developing
lung is filled with luminal fluid that is at a higher pressure than the
fluid in the pleural cavity, resulting in a positive transmural pressure
(AP) across the wall of the lung (Harding and Hooper, 1996).
Peristaltic contractions of ASM push luminal fluid distally and,
during later development, fetal breathing movements further increase
AP (Harding and Hooper, 1996; Schittny et al., 2000). Clinically, loss
of positive AP is associated with a decrease in the number of airway
branches and pulmonary hypoplasia (Chandrasekharan et al.,
2017; Shastry et al., 2012), but the underlying mechanism remains
unclear. Using a microfluidic explant system, we recently found that
increasing AP enhances ASM differentiation and the rate of branching
morphogenesis (Nelson et al., 2017).

Here, we used a novel, unbiased RNA-sequencing (RNA-seq)
analysis pipeline to identify signaling pathways that are activated by
AP during lung development. We found that AP differentially affects
the expression of genes that contain retinoic acid (RA)-response
elements (RARES) in their proximal enhancer regions. We therefore
hypothesized that AP promotes branching morphogenesis at least in
part through RA. Consistently, we found that elevating AP increases
RA signaling and, through genetic ablation and pharmacological
inhibition, that RA signaling is controlled by the mechanosensor
Yap. Using predictions from a computational model of the
developing airway, we found that RA signaling regulates
branching morphogenesis by modulating the relative rates of ASM
differentiation and epithelial proliferation. Our results indicate that AP
signals in part through Yap and RA to regulate lung development.

RESULTS

Bioinformatics analysis uncovers transcription factors

that are regulated by AP

Using microfluidic chest cavities to apply defined AP to embryonic
mouse lungs (Fig. 1A), we previously found that airway epithelial
branching and ASM differentiation both increase as AP increases
(Nelson et al., 2017). Here, we carried out bioinformatics analysis
on an RNA-seq dataset obtained from lungs held under low (20 Pa)
or physiologic (high, 200 Pa) AP (Nelson et al., 2017; Olver et al.,
2004; Vilos and Liggins, 1982) to identify transcription factors
downstream of pressure. Combining the RNA-seq dataset with
embryonic day (E)14 lung DNase-hypersensitivity data from the
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Fig. 1. Bioinformatics approach to identify mechanosensitive transcription factors. (A) Schematic of microfluidic device used to control transmural pressure
(AP) across embryonic lung explants (Nelson et al., 2017). (B) Workflow for the bioinformatics analysis. (C) Histogram of the lengths of all investigated DNase-
hypersensitive regions. Dashed line shows the maximum length included in subsequent analyses. (D) Histogram of the distance of each DNase-hypersensitive
region to the nearest TSS in the genome. (E) All identified transcription factor (TF)-binding motifs were ranked by their enrichment P-values in DNase-
hypersensitive regions within different distances of the TSS in our dataset (corresponding to dashed lines in D). Data points represent the average difference in
rank between TFs at each cutoff distance and their rank at the largest cutoff distance. (F) TF-binding motifs that potentially respond to increased AP. (G) Proportion
of pressure-responsive genes with a specific TF-binding site in a nearby DNase-hypersensitive region. (H-J) The number of genes with a given number of putative
binding sites for Nkx2-1 (H), Tead1 (I) and RA receptors (J) in nearby DNase-hypersensitive regions among all pressure-responsive genes.

mouse ENCODE project (Yue et al., 2014) enabled us to identify
the DNase-hypersensitive regions near the differentially expressed
transcripts. By probing these regions for overrepresented motifs, we
uncovered transcription factor-binding sites that are possibly
associated with the changes in gene expression induced by AP
(Fig. 1B; Table S1).

Although the DNase-hypersensitive regions that are closest to a
transcription start site (T'SS) are those most likely to contain cis-acting
elements, important gene-regulatory regions can be located several
kilobases away from a TSS (Cheng et al., 2014). We therefore
investigated the length of each DNase-hypersensitive region and its
distance from a TSS. We found that most DNase-hypersensitive

regions were shorter than 4000 base pairs (bp) (Fig. 1C). We
examined transcription factor-binding motifs that were significantly
overrepresented in DNase-hypersensitive regions within different
distances of the TSS in our dataset (Fig. 1D). At each distance cutof,
we ranked each transcription factor by its enrichment P-value (Heinz
etal.,2010) and calculated the average difference between the rank of
a transcription factor and its rank at the largest cutoff, which
incorporates the most DNase-hypersensitive regions. As we increased
the distance between the TSS and the DNase-hypersensitive regions
that we considered, the transcription factors gradually approached
their final ranks (Fig. 1E). We also carried out these analyses using
DNase-hypersensitivity data from adult mouse lungs and found
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similar distributions of sizes, locations, and convergence upon their
final ranks (Fig. SIA-C). We therefore decided to examine the
transcription factor-binding motifs identified by including all DNase-
hypersensitive regions that are associated with genes differentially
expressed in response to AP, irrespective of distance from the TSS.

Using this approach, the top-identified motif was a putative
binding site for Snai2 (also known as Slug) (Fig. 1F; Fig. S1E),
which promotes epithelial-to-mesenchymal transition (EMT) and
cell migration (Nieto, 2013). Although Snai2 has not been
previously implicated in lung development, EMT plays a role in
epithelial repair after lung injury (Vaughan and Chapman, 2013).
We also found that Teadl-binding motifs were significantly
overrepresented. Teadl associates with the mechanosensitive
transcription factors Yap and Taz (Han et al., 2018; Huraskin
et al., 2016); Yap is crucial for proliferation of the lung epithelium
during branching morphogenesis (Lin et al., 2017). In our analyses
using DNase-hypersensitivity data from both embryonic and adult
lungs, we found that putative binding sites for Nkx2-1, Nkx2-5, and
retinoic acid receptors (RARs) were overrepresented (Fig. S1D,E).
Nkx2-1 regulates airway epithelial progenitors during branching
morphogenesis (Herriges and Morrisey, 2014; Wong et al., 2019),
whereas Nkx2-5 regulates the differentiation of myofibroblasts and
promotes heart development (Chen and Schwartz, 1997; Hu et al.,
2010). Several pressure-responsive genes had at least one nearby
motif for Snai2 (28.6% of genes), Nkx2-1 (41.9%), Teadl (35.4%),
Nkx2-5 (40.8%) and retinoid X receptor (RXR) DR1 (35.9%)
(Fig. 1G). Most genes had one binding site for each transcription
factor in their associated DNase-hypersensitive regions; however,
for each transcription factor, several genes contained multiple
motifs within their associated DNase-hypersensitive regions
(Fig. 1H-J). Increasing AP therefore activates the expression of
genes with binding sites for transcription factors known to be
involved in lung development, indicating that pressure may signal
through one or more of these pathways.

RA deficiency has been linked to congenital diaphragmatic hernia
(CDH) (Keijzer et al., 2000; Major et al., 1998), wherein weaknesses
in the developing diaphragm allow abdominal viscera to herniate into
the pleural cavity and compress the lung, resulting in pulmonary
hypoplasia at birth and respiratory complications throughout life
(Montedonico et al., 2008a). RA signaling is thought to modulate
ASM differentiation (Chen et al., 2014), which influences airway
branching in cultured lung explants (Goodwin et al., 2019; Kim et al.,
2015); consistently, ASM is disrupted in rodent models of CDH
(Belik et al., 2003; Pederiva et al., 2012). RARy translocates to the
nucleus in response to mechanical signals (Swift et al., 2013).
Furthermore, knocking out RARs disrupts cell-matrix adhesion and
the actin cytoskeleton, suggesting an important role for this family of
receptors in mechanotransduction (Al Tanoury et al., 2014). These
observations led us to hypothesize that high AP increases the rate of
branching morphogenesis in the embryonic lung at least in part by
influencing RA signaling. Because our data suggested a previously
unrecognized connection between the mechanical environment of the
developing lung and RA signaling, we focused our subsequent
analysis on this signaling pathway.

RA signaling components are differentially expressed in
response to AP

Several proteins are involved in the biosynthesis of RA (Fig. 2A).
Retinol is transported through the bloodstream in a complex with
retinol binding protein 4 (Rbp4; also known as Rbp) and is
internalized when this complex binds to its cell-surface receptor,
Stra6, or when free retinol, which is lipophilic, diffuses across the

plasma membrane (Fernandes-Silva et al., 2020). In the cytoplasm,
RA and RA precursors are bound by carrier proteins including
cytoplasmic retinol-binding protein 1 (Crbpl; Rbpl) and
cytoplasmic RA-binding proteins 1 and 2 (Crabpl/2). Retinol is
oxidized to retinal, which is then further oxidized to RA by aldehyde
dehydrogenase 1,2,3 (Aldhal/2/3; Raldh1/2/3). RA binds RAR/
RXR dimers at RAREs to activate transcription of target genes.
Retinal can also be stored through processing by lecithin retinol
acyltransferase (Lrat) and RA is degraded by Cyp26bl.

The expression of Adhl, Rbpl and Aldhlal, genes that
synthesize or bind to and stabilize RA intermediates, was
significantly increased under high AP (Fig. 2B-D; Fig. S2A).
Expression of Rdhl4, which synthesizes retinal, and Crabpl,
however, were both significantly decreased. Expression of Cyp26b1
was also significantly decreased. Overall, these data are consistent
with increased production and decreased degradation of RA,
which would lead to an increase in RA levels, concordant with
our DNase-hypersensitivity analysis suggesting increased RA
signaling under high AP.

Expression of RA signaling components in different
compartments of the lung

To define the tissue compartments that express the RA-biosynthetic
machinery, we combined in sifu hybridization with single-cell
RNA-sequencing (scRNA-seq) analysis of E11.5 lungs. As
expected, both approaches revealed that Nkx2-1 is expressed in
the airway epithelium (Fig. 3A,B; Fig. S3A). We found that Rara is
expressed in all tissues of the lung, most prominently in the
mesenchyme and mesothelium (Fig. 3C,D; Fig. S3B) and that Rarb
is expressed in the mesenchyme and mesothelium but is most
strongly expressed in the trachea and proximal airway epithelium
(Fig. 3E,F; Fig. S3C). Our scRNA-seq data do not show epithelial
expression of Rarb, likely because the tissue used for sequencing
excluded the trachea and proximal bronchi where the Rarb probes
most strongly hybridize. Consistently, scRNA-seq data from E15
lungs show that the levels of Rarb are higher in Sox2-expressing
proximal epithelial cells than in Sox9-expressing distal epithelial
cells (Fig. S3D). We found that Aldhla?2 is expressed primarily in
the mesothelium (Fig. 3G,H; Fig. S3E-G). RbpI is expressed in all
lung tissues (Fig. 31). Stra6 is expressed in the mesenchyme and in a
large proportion of ASM (Fig. 3J). The fact that these genes are
expressed at this early stage of development is consistent with
previous findings (Malpel et al., 2000) and with a possible role for
RA downstream of AP in the developing lung.

AP enhances RA signaling in the early embryonic mouse lung

To test directly whether pressure activates RA signaling, we isolated
lungs from E11.5 mouse embryos that express lacZ under the
control of the RARE from the Rarb promoter (RARE-lacZ), which
reports RA signaling (Rossant et al., 1991), and cultured the
explants in the presence of the adenylate cyclase agonist forskolin
(Seamon et al., 1981). Forskolin promotes chloride and fluid
secretion out of airway epithelial cells into the lumen of the lung
(Dekkers et al., 2013), which increases AP and physically expands
the airway (Fig. 4A). We found that treatment with forskolin
increases B-galactosidase activity in RARE-lacZ lung explants
(Fig. 4B; Fig. S4A), consistent with our bioinformatics analysis
implicating RA downstream of high AP. Curiously, histological
sections revealed that, although lung explants treated with vehicle
control express B-galactosidase primarily in the mesenchyme, those
cultured in the presence of forskolin show an increase in B-
galactosidase specifically in the epithelium (Fig. 4C,D), without
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Fig. 2. Expression of genes in the RA-biosynthetic pathway is modulated by AP. (A) Schematic of the RA biosynthetic pathway, inspired by Fernandes-Silva
etal. (2020). Under high AP, genes shown in blue decrease expression whereas those shown in red increase expression. (B) Examples of how the expected effect
on RA signaling is determined. (C,E) Relative expression, adjusted P-value, and expected effect on RA signaling of genes in the RA-biosynthetic pathway that are
significantly differentially expressed in the lung under high AP (C) or when Yap is conditionally knocked out of the airway epithelium (E). (D,F) Volcano plots of the
gene expression changes from panel C (solid dots) and Fig. S2A (translucent dots) (D) and from panel E (solid) and Fig. S2B (translucent) (F).

affecting epithelial proliferation (Fig. 4E,F). Increasing AP therefore
enhances RA signaling in the epithelium of lung explants.

We previously found that high AP leads to increased ASM
differentiation and epithelial bifurcations (Kim et al., 2015; Nelson
et al., 2017). Consistently, immunofluorescence and qPCR analysis
revealed that treatment with forskolin maintains the differentiation
of ASM at sites of epithelial bifurcation (Fig. 4G; Fig. S4B). To
quantify the spatial pattern of ASM differentiation, we correlated o-
smooth muscle actin (aSMA) staining intensity with epithelial
curvature around distal lung branches and found there was no
difference between lungs treated with forskolin and controls
(Fig. 4G,H). These data suggest that culture under high AP
maintains ASM differentiation and allows continued sculpting of
the epithelium into bifurcations.

We next sought to define the mechanism by which pressure
promotes RA signaling in the developing lung. RARs could be
directly mechanosensitive, for example by translocating to the
nucleus in response to force. Alternatively, RA signaling could be
downstream of another mechanosensor, such as Yap, which
associates with Teads to induce transcription in response to
mechanical force (Liu-Chittenden et al., 2012). Yap has been
implicated in RA signaling in the adult lung epithelium (Ng-
Blichfeldt et al., 2018) and in other systems (Mezquita et al., 2018;
Xiao et al., 2018). Based on our findings that Tead1-binding motifs
are over-represented in cis-regulatory elements of pressure-responsive
genes (Fig. 1F), we hypothesized that AP signals through Yap to
increase the expression of the RA-biosynthetic machinery. Consistent
with this hypothesis, we found that increasing AP by culturing lungs
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endothelium.

in the presence of forskolin induces nuclear localization of Yap in the
epithelium (Fig. 41,J). To determine whether Yap is upstream of the
RA-biosynthetic machinery, we evaluated a published RNA-seq
dataset acquired from Shh-Cre; Yap™ (epithelial Yap KO) lungs and
littermate controls (Lin et al., 2017). This dataset revealed that
epithelial knockout of Yap leads to a significant decrease in the
expression of Rbp1, Adhl, Aldhlal and Crabpl, among other genes
in the RA-biosynthetic pathway (Fig. 2E,F; Fig. S2B), consistent with
our hypothesis that pressure signals through Yap to induce RA
signaling.

To investigate directly whether Yap signals to RA, we cultured
RARE-lacZ lung explants in the presence of verteporfin, which
blocks Yap-Tead interactions and Yap-dependent gene expression
(Liu-Chittenden et al., 2012). As predicted, we found that
verteporfin reduces nuclear localization of Yap (Fig. S4C,D) and
decreases X-gal staining in RARE-lacZ lung explants (Fig. 4K,L;
Fig. S4E) without increasing apoptosis (Fig. S4C). To disrupt Yap
specifically in the epithelium, we generated RARE-lacZ embryos in
which we conditionally deleted Yap from the airway epithelium
(Shh-Cre; Yap™":RARE-lacZ). Consistent with our verteporfin
experiments,  Shh-Cre;Yap™":RARE-lacZ  lungs  showed
significantly decreased X-gal stain within the epithelium
compared with littermate controls, both in histological sections
(Fig. 4M,N; Fig. S4F) and in epithelial rudiments denuded of
mesenchyme (Fig. S4G). RA signaling is therefore downstream of
Yap in the developing lung.

Inhibiting RA decreases epithelial branching and

ASM wrapping in lung explants

Given that high AP increases both RA signaling and epithelial
branching, we hypothesized that RA promotes morphogenesis of

the embryonic lung. First, we confirmed that retinoids in the culture
medium would not interfere with our ability to detect changes in
branching in lung explants (Fig. SSA,B). Next, we inhibited RA
signaling by culturing E11.5 lung explants in the presence of the
pan-RAR inverse agonist BMS493 (Chen et al., 2014), which
decreased B-galactosidase activity in RARE-lacZ reporter lungs
(Fig. S5C-H) and reduced expression of the RA pathway target
Rarb (Fig. 5A), but did not affect Yap nuclear localization in
the epithelium (Fig. S5LJ). We found that explants treated with
BMS493 develop dilated airways (Fig. 5B) and form fewer branches
(Fig. 5C) than those treated with vehicle control, indicating that RA
signaling promotes airway branching. Consistently, treatment with
BMS493 also decreases branching in lungs cultured under high AP
(Fig. SSK,L). Aberrant RA signaling has been linked to CDH
(Beurskens et al., 2007) and the nitrofen rodent model of CDH acts,
at least in part, by disrupting RA biosynthesis (Chinoy et al., 2001;
Mey et al., 2003; Nakazawa et al., 2007). The underdeveloped lungs
of the nitrofen model are thought to result from a combination
of direct and indirect effects on the lung, the latter through
malformation of the diaphragm (Keijzer et al., 2000). Consistently,
we found that explants cultured in the presence of nitrofen form
fewer, more dilated branches than those cultured with vehicle
control (Fig. 5D,E), confirming that nitrofen can directly affect lung
branching independently of its effects on the diaphragm (Chinoy
et al., 2001). RA signaling therefore promotes branching in lung
explants.

We previously found that altering the rate of epithelial
proliferation significantly alters the pattern of branching in
mesenchyme-free lung explants (Varner et al.,, 2015). We
therefore asked whether RA signaling affects branching by tuning
epithelial proliferation. We found that exposure to BMS493 does
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not significantly affect S-ethynyl-2’-deoxyuridine (EdU)
incorporation in the epithelium in lung explants (Fig. 5F,G),
suggesting that RA signaling promotes the formation of branches
without altering epithelial proliferation.

Branching is influenced by patterned differentiation of ASM
(Goodwin et al., 2019; Kim et al., 2015) and deposition of fibronectin
(Sakai et al., 2003) around the airway epithelium in cultured lung
explants. We therefore sought to determine whether RA signaling is
necessary for ASM differentiation or fibronectin localization around
developing epithelial branches. Immunofluorescence staining
showed that treatment with BMS493 led to a reduction in ASM
localizing to sites of epithelial bifurcation (Fig. SH,I) but did not
affect the distribution of fibronectin around epithelial branches
(Fig. SSM,N). Instead, inhibiting RA signaling induced the formation

whisker plots, the midline, box, and whiskers
represent the median, upper and lower
quartiles, and furthest points, respectively,
with the whiskers excluding outliers defined
as points further than 1.5x interquartile range
outside of the box limits. conc., concave;
conv., convex; epi., epithelial; KO, knockout;
mes., mesenchymal; n/c, nuclear to
cytoplasmic ratio; ns, not significant. Scale
bars: 500 pm (A,B,K); 200 ym (C); 25 pm (E);
250 um (G, first row); 50 um (G, second row,
1,M, bottom row); 100 um (M, top row).

N
~

ns

n

0.0 T T
vehicle forskolin

of dilated and buckled epithelium lacking ASM. We therefore
hypothesized that inhibiting RA signaling reduces epithelial
branching in part by decreasing ASM differentiation. Consistent
with this hypothesis, qRT-PCR analysis of E11.5 lung explants
cultured in the presence of BMS493 revealed a significant reduction
in the expression of aSMA (Acta?2), which is a marker of contractile
smooth muscle cells (Jaslove and Nelson, 2018), transgelin (Tagln;
SM220) (Li et al., 1996; Liu et al., 2017) and calponin (Cnnl). In
contrast, the level of serum response factor (Srf), the main regulator of
ASM differentiation, is not significantly affected by treatment with
BMS493 (Fig. 5A), suggesting that RA signaling is required for the
differentiation of ASM independently of Srf.

Physical stretch induces embryonic lung mesenchymal cells to
elongate and differentiate into ASM in culture (Yang et al., 2000).
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We therefore cultured primary embryonic lung mesenchymal cells
on microcontact-printed squares or lines of fibronectin to vary cell
elongation and thus mimic the morphologies observed before and
after application of mechanical strain (George et al., 2015; Yang
et al.,, 2000). We found that elongated cells develop oSMA-
containing fibers along their long axes (Fig. S6A,B), which is
characteristic of contractile smooth muscle (Jaslove and Nelson,
2018), and express higher levels of aSMA protein than rounded
cells (Fig. S6C,D), consistent with previous reports (Yang et al.,
1999). Surprisingly, we found that blocking RA signaling does not
affect the expression of aSMA (Fig. S6E). These data suggest that,
in the intact lung, RA signaling indirectly promotes ASM
differentiation in a non-cell-autonomous manner. This conclusion
is consistent with our observation that increasing AP enhances RA
signaling specifically within the epithelium.

A computational model predicts that ASM wrapping induces
epithelial branching in response to pressure

To determine whether a decrease in ASM wrapping can explain the
dilated epithelial morphologies we observe when RA is inhibited,

T
vehicle

number of epithelial branches in E11.5 lung explants
treated with BMS493 (B,C) or nitrofen (D,E) or vehicle
control for 48 h. P-values per unpaired, two-tailed
Student'’s t-test: BMS493, 0.0100; nitrofen, 0.000581.
(F-J) Immunofluorescence analysis for Ecad and EdU
(F) and quantification of the density of EAU™" epithelial or
mesenchymal cells (G), immunofluorescence analysis
for «SMA and Ecad (H), quantification of the correlation
of aSMA staining intensity to epithelial curvature (I;
*P=0.00241 by unpaired, two-tailed Student’s t-test) and
ratio of ASM wrapping to epithelial proliferation (J;
**P=0.00230 by a permutation test) in E11.5 lung
explants cultured in the presence of BMS493 or vehicle
control for 48 h. Data are mean+s.e.m. In box-and-
whisker plots, the midline, box, and whiskers represent
the median, upper and lower quartiles, and furthest
points, respectively, with the whiskers excluding outliers
defined as points further than 1.5% interquartile range
outside of the box limits. Scale bars: 50 ym (F,H, bottom
row); 500 um (B,D,H, top row).

T
BMS493

we used the finite element method (FEM) to solve a mechanical
model of the developing airway. We modeled the lung as
three layers of tissue: the epithelium, ASM, and undifferentiated
mesenchyme (Fig. 6A,B; Fig. S7A-C), using measurements of
epithelial and mesenchymal thicknesses from confocal slices of
E11.5 lungs and published estimates of the relative stiffnesses
of these tissues (Alcaraz et al., 2003; Chevalier et al., 2016;
Smith et al., 2005) (Fig. 6C). We accounted for tonic ASM
contractions at this developmental stage (Jaslove and Nelson, 2018)
by modeling this tissue as the stiffest of the three layers. As a first
approximation, we assumed that the epithelium grows isotropically
in the tangential plane to the tissue at every point. Viscoelastic
relaxation of embryonic tissue occurs over minutes (Chevalier et al.,
2016), whereas epithelial branches form over 12-24 h (Fig. 4A).
Therefore, the rate of tissue growth is slow relative to the rate
of mechanical relaxation, and we assumed that the tissue is in
quasi-static equilibrium at each time point (Goodwin et al., 2019).
Finally, to make the model computationally tractable, we used this
quasi-static assumption to approximate all three tissue layers as
hyperelastic materials.

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.199726
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.199726
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.199726
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.199726

RESEARCH ARTICLE

Development (2022) 149, dev199726. doi:10.1242/dev.199726

A C ratio values ref.
tep/Rout | 0.05-0.16 -
Eep/Emes 5-10 (Chevalier, 2016)
e3
©2 EmuslEep | 2-10 (Alcaraz, 2003; Smith 2005)
e1
D E El Emes F tep/ Rout
initial final 100 012
50 " 0.09
” ) i
. 1 0.05
G H EIE, I t.,/R
initial final mes ~ \\—// ep’ Nout
100 / ’ 0.12
50 \ 0.09
1 0.05
J top/Rout = 0.12 L top/Rout = 0.05
initial flnal Gf/Go flnal Gr/Go
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ASM wrapping around the epithelium (G) or increased proliferation along the flanks of the epithelium (J). (E,H,K) Final geometries of simulations in panels D, G or
J, respectively. (F,I) Final geometries of simulations using different epithelial thicknesses for the classes of models represented by panels D or G, respectively. (L)
Final geometry of the simulation in panel J with t,,/R,,=0.05. Colors in panels D, E, G and H represent stiffness. Colors in panels J, K and L represent the final

volume of the tissue at each location.

In the absence of ASM, our simulations revealed that the
epithelium dilates and eventually buckles (Fig. 6D,E; Movie 1).
Given that the thickness of the airway epithelium relative to its
surrounding mesenchyme can vary (Fig. 6C), we explored the
parameter space of our models by changing the relative thickness of
the epithelial layer. We found that epithelia of all thicknesses dilate
in the absence of ASM, but that decreasing the relative thickness of
the epithelium (z,,/R,,,) leads to more buckling (Fig. 6F). We next
used the computational model to define the effects of ASM
wrapping on the geometry of the epithelium and found that the
presence of ASM is sufficient to induce bifurcations (Fig. 6G,H;
Movie 2), regardless of epithelial thickness (Fig. 6I). The dilated
and buckled geometries of models without ASM (Fig. 6E,F) are
reminiscent of the epithelia that we observed in explants cultured in
the presence of RA inhibitors (Fig. SH). In contrast, the bifurcated
geometries we observed in models with ASM (Fig. 6H,]) are similar
to the bifurcated branches in lungs cultured in control conditions
(Fig. 5H), supporting our conclusion that the dilated, buckled
epithelial morphology observed in explants treated with RA
inhibitors results from losses of ASM wrapping. Loss of Yap
decreases actomyosin contractility and mechanical tension in the
developing lung epithelium (Lin et al., 2017). To determine whether

changes in epithelial mechanics could account for the observed
effects on lung branching, we varied the stiffness of the epithelial
layer in our model and found that the overall geometry of the
branches is defined by smooth muscle wrapping regardless of
epithelial stiffness (Fig. S7D-I). The similarities between our
computational and experimental results suggest that our
approximation of the three tissue layers as hyperelastic materials
captures the most salient aspects of branch initiation.

An alternative (but not mutually exclusive) hypothesis is that
localized increases in epithelial proliferation lead to epithelial
outgrowth and terminal bifurcation (Varner and Nelson, 2014).
Using our computational model, we found that patterned increases
in epithelial proliferation lead to flattening of the epithelium,
reminiscent of the early stages of bifurcation (Kim et al., 2015),
but are not sufficient to generate bifurcations in the absence of
ASM (Fig. 6J,K; Movie 3). In addition, this flattened morphology
depends on the relative thickness of the epithelium: when
epithelial thickness is set near the low end of our experimentally
measured range, the entire structure buckles (Fig. 6L; Movie 4).
Our simulations therefore suggest that robust bifurcations require
an external mechanical constraint, such as that from ASM
differentiation.
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A computational model predicts that the relative rates of
ASM differentiation and epithelial proliferation determine
epithelial morphology

The results of our simulations led us to hypothesize that the rate of
ASM differentiation relative to that of epithelial growth
(proliferation) is a key parameter for determining whether the
lung branches or dilates. We experimentally tested this hypothesis
by performing EdU analysis on lungs treated with forskolin or
BMS493 and comparing the amounts of ASM localizing to sites of
bifurcation to the rates of epithelial proliferation. We found that
inhibiting RA signaling decreases ASM wrapping relative to
epithelial proliferation (Fig. 5J) and leads to dilated epithelial
branches. In contrast, increasing AP by culturing with forskolin
maintains the balance between ASM wrapping and epithelial
proliferation (Fig. 40), resulting in normal branch morphology.

We therefore investigated the effect of changing these relative rates
in the computational model. Our results revealed that decreasing
the rate of ASM differentiation relative to epithelial proliferation
promotes the formation of a dilated tissue; conversely, increasing
the rate of ASM differentiation relative to epithelial proliferation
promotes bifurcation (Fig. 7A-C). These simulations predicted that
inducing proliferation specifically in the epithelium would also
lead to a dilated morphology. To test this prediction experimentally,
we cultured E11.5 lung explants in the presence of exogenous
Fgfl to promote epithelial proliferation (Varner et al., 2015; Wang
et al., 2005) (Fig. 7D,E), which caused the lungs to form fewer
branches (Fig. 7F,G) that lack ASM wrapping (Fig. 7H,I). As
predicted, inducing the epithelium to proliferate faster than the ASM
differentiates (Fig. 7J) led to dilated epithelial branches.

By E12, Shh-Cre;Yap™" lungs form dilated epithelial cysts
instead of branches (Fig. 7K) (Isago et al., 2020; Lin et al., 2017).
We found that epithelial deletion of Yap results in decreased RA
signaling in the epithelium and decreased expression of ASM
markers and epithelial signals that promote ASM differentiation,
including Shh, Tgfb2 and Tgfb3 (Fig. S8A,B). We therefore
hypothesized that the failure of these lungs to form branches was
due, at least in part, to a decrease in the rate of ASM differentiation
relative to epithelial proliferation. EAU analysis revealed that
epithelial deletion of Yap had no effect on epithelial proliferation
(Fig. 7L,M), but decreased the correlation between epithelial
curvature and oSMA staining intensity (Fig. 7N) relative to
controls. Overall, ASM wrapping relative to epithelial
proliferation is greatly decreased in Shh-Cre;Yap™" lungs
(Fig. 70) and is not rescued by treating explants with forskolin to
increase AP (Fig. 7P; Fig. S8C). The severe branching defects
observed in these lungs is consistent with decreased mechanical
constraint on the epithelium from ASM downstream of reduced RA
signaling. Altogether, these data reveal that AP signals through Yap
to activate RA in the epithelium, which increases ASM
differentiation and promotes epithelial branching.

DISCUSSION

Here, we describe an unbiased approach that combines publicly
available information about genome-wide regulatory regions with
RNA-seq analysis to uncover novel transcriptional regulators of
morphogenesis. We used data on chromatin accessibility as a proxy
for enhancer regions. As the ENCODE project approaches its goal
of acquiring ChIP-seq data for every known transcription factor and
provides other measures of chromatin accessibility such as ATAC-
seq in a wide array of tissues and at more developmental time points
(Encode Project Consortium et al., 2020; He et al., 2020),
investigations based on our approach will be able to uncover

signaling pathways involved in specific developmental events with
more precision and fewer false-positives.

Consensus motifs for Nkx2-1 are overrepresented in DNase-
hypersensitive regions near genes increased under high AP in the
lung, which is expected given that Nkx2-1 is expressed throughout
the epithelium during lung development (Herriges and Morrisey,
2014) and that high AP increases expression of Nxk2-1 (Nelson
et al., 2017). Although we also identified consensus motifs for
Nkx2-5, this is likely a false-positive result due to the similarity
between its motif and that of Nkx2-1 and the lack of a known role for
Nkx2-5 in lung development. Our top identified motif was for
Snai2. Snai2 is a transcription factor expressed by migratory cells
during gastrulation and development of the neural crest (Mayor
et al., 1995; Nieto et al., 1994), and was previously found to be
expressed in the mesenchyme of the developing mouse lung
(Savagner et al., 1998). Although Snai2 has not been previously
implicated in lung development, we speculate that this transcription
factor is involved in mesenchymal motility or remodeling during
branching morphogenesis. Unexpectedly, we found that binding
sites for RARs and Teadl are also overrepresented in DNase-
hypersensitive regions near pressure-responsive genes. The results
of our analysis support a model in which high AP activates Yap to
increase RA signaling in the developing lung (Fig. 8A,B). Our data
show that pressure enhances RA signaling in the epithelium and
tunes the relative rates of ASM differentiation and epithelial
proliferation to promote branching (Fig. 8C). Conditions that disrupt
this balance lead to decreased branching and a dilated or buckled
epithelial morphology (Fig. 8D).

Dysregulated RA signaling is thought to contribute to weakening
of the diaphragm during development in humans (Loo et al., 2018),
rats (Montedonico et al., 2006, 2008b; Nakazawa et al., 2007) and
mice (Clugston et al., 2010; Nakamura et al., 2020). Diaphragmatic
weakening permits herniation of the abdominal viscera and
compression of the lung. Previous investigations have also
suggested that decreased RA signaling directly decreases airway
branching (Chinoy et al., 2001; Keijzer et al., 2000). Our data show
that high AP enhances the expression of the RA-biosynthetic
machinery and induces RA signaling in the developing lung. These
data suggest that diaphragmatic herniation and consequent
compression of the lungs cause decreased RA biosynthesis within
the developing lung tissues themselves, potentially in a positive-
feedback loop that worsens defects in pulmonary morphogenesis in
the context of CDH. Future studies are needed to define the
mechanical signaling pathways, including those involving Yap, that
are altered during lung hypoplasia secondary to CDH.

RA serves several functions in the lung — inducing the primary
lung bud (Chen et al., 2010, 2007), stimulating proliferation of the
mesenchyme (Schuger et al., 1993), shifting alveolar epithelial
differentiation from type I towards type II cells (Wongtrakool et al.,
2003) and maintaining ASM homeostasis later in life (Chen et al.,
2018). Nonetheless, the precise role of RA signaling during airway
branching is controversial: some authors report that treatment with
exogenous RA up to a maximum dose increases branching in lung
explants (Fernandes-Silva et al., 2020; Pereira-Terra et al., 2015;
Schuger et al., 1993), whereas others using higher concentrations of
RA or longer durations of exposure have concluded that RA
decreases branching (Cardoso et al., 1995; Chazaud et al., 2003;
Malpel et al., 2000; Mollard et al., 2000). Our finding that RA
signaling balances the relative rates of ASM differentiation and
epithelial proliferation provides a possible explanation for these
apparently contradictory results: either increasing or decreasing RA
signaling has the potential to disrupt this balance and lead to a
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Fig. 7. Computational model predicts that branches are sculpted by the relative rates of ASM differentiation and epithelial proliferation. (A,B) Final
geometry of simulations with no ASM at the tip of the epithelium (A) or the rate of ASM differentiation at the tip of the epithelium balanced with the rate of epithelial
growth (ASM wrapping/epithelial proliferation=0.10) (B). (C) Final geometries of simulations with different relative rates of ASM differentiation and epithelial
proliferation. Inset: magnified view of the cleft site. (D-J) Immunofluorescence analysis for Ecad and EdU (D), quantification of the density of EAU* epithelial (epi.)
and mesenchymal (mes.) cells (P-values by unpaired, two-tailed Student’s t-test: epi, 0.0381; mes, 0.0178) (E), quantification of the number of branches
(P=0.000384 by unpaired, two-tailed Student’s t-test) (F), bright-field images (G), immunofluorescence analysis for t’SMA and Ecad (H), quantification of the
correlation of aSMA staining intensity to epithelial curvature (P=0.0322 by unpaired, two-tailed Student’s t-test) (I), and ratio of ASM wrapping to epithelial
proliferation (P=0.0103 by a permutation test) (J) in E11.5 lungs cultured in the presence of Fgf1 or vehicle control for 48 h. (K-O) Immunofluorescence analysis for
oSMA and Ecad (K) and Ecad and EdU (L), quantification of density of EAU* epithelial and mesenchymal cells (M), correlation of «SMA staining intensity to
epithelial curvature (P=0.00192 by unpaired, two-tailed Student’s t-test) (N) and ratio of ASM wrapping around branches to epithelial proliferation (P=0.0479 by a
permutation test) (O) in E12-13 Shh-Cre;Yap™" (epi. KO) lungs compared with litermate controls. Shown are data from two (M) or four (N,O) independent
experiments. (P) Immunofluorescence analysis for «SMA and Ecad in E11.5 epi. KO or littermate control lungs cultured in the presence of forskolin or vehicle
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dilated and buckled morphology instead of a properly branched
epithelium.

Branching morphogenesis of the mouse lung thus appears to
require growth of the airway epithelium and patterned stiffening of
the surrounding mesenchyme, which serves as an external

constraint to direct the growing epithelium into the bifurcations
necessary to form a tree, akin to the mechanism proposed for branch
formation in the human lung (Danopoulos et al., 2018; Warburton,
2021). The computational and experimental analyses presented here
and in previous work (Goodwin et al., 2019; Kim et al., 2015) reveal

DEVELOPMENT

10



RESEARCH ARTICLE

Development (2022) 149, dev199726. doi:10.1242/dev.199726

A B

smooth'muscle
differentiation

epithelium
lumen

smooth muscle

mesenchyme
C D smooth muscle
smooth muscle epithelial differentiation
differentiation proliferation

A

RA signaling

Fig. 8. Proposed mechanistic model. (A) Geometry of a lung
branch before bifurcation. (B) High AP activates epithelial Yap, which
promotes RA biosynthesis to control the rate of ASM differentiation
relative to epithelial proliferation. (C) When the relative rates are
balanced, the stiff ASM sculpts the epithelium into bifurcations.

(D) When the epithelium proliferates faster than ASM differentiates,
the tissue dilates and buckles. (E) Proposed physical, gene
expression and cytoskeletal state of mesenchymal cells during
epithelial bifurcation.

epithelial
proliferation

clefting and epithelial
bifurcation buckling
E
mesenchymal cells at branch tip
' |
cytoskeletal stiffness
aSMA promoter - ]
aSMA protein

bifurcation stage pre bifurcation  epithelial

flattening

epithelial full
clefting

that this stiffening results from patterned differentiation of ASM.
Curiously, a recent study reported that conditional knockout of the
smooth muscle-associated transcription factor myocardin (Myocd)
does not affect the ability of the lung to form branches (Young et al.,
2020); based on this phenotype, the authors of that study concluded
that the airway epithelium branches independently of ASM but did
not propose an alternative mechanism for airway branching. What
sculpts the branches in the Myocd knockout? It is possible that a
non-cellular component of the mesenchyme, such as patterned
deposition of ECM, provides sufficient constraint to direct airway
epithelial branching in the absence of Myocd. However, our analysis
here shows that the morphology of the epithelium is more closely
correlated with the pattern of ASM than with that of fibronectin.
Furthermore, when we replace the ASM layer in our computational
model with a layer that has the thickness and stiffness of ECM, the
epithelium fails to bifurcate (Fig. S7J-M), suggesting that matrix
deposition is insufficient to act in this capacity.

It is also possible that the subepithelial mesenchymal cells in
Myocd-knockout lungs retain their ability to sculpt epithelia by
modifying their cytoskeletons and ECM interactions independently
of Myocd. Although Myocd knockout decreases the expression of
Acta2 and Myhll, grouping genes by their functions and their
biochemical pathways reveals that most genes involved in smooth
muscle differentiation, cytoskeletal organization, contraction, and
ECM adhesion are unaffected by loss of Myocd (Fig. S9). This
observation is also consistent with our previous findings from

e = e N

bifurcation

fluorescent reporter mice, which revealed that the epithelium begins
to bifurcate at the earliest stages of ASM differentiation, after the
Acta?2 gene promoter has been activated but before aSMA protein
can be detected in lungs imaged at low magnification (Kim et al.,
2015). Finally, bioinformatics analysis of the ASM differentiation
program reveals that nascent immature smooth muscle cells activate
the expression of cytoskeletal components associated with cell
stiffening before they begin expressing Myocd (Goodwin et al.,
2020). Given the coupled dynamics of epithelial growth, ASM
differentiation and branching morphogenesis, we postulate that the
shape of the growing epithelium is influenced by this presumed
gradual stiffening that occurs at the earliest stages of the ASM
differentiation program; we predict that these stiffer, immature
smooth muscle cells direct airway epithelial branching and that their
presence is unaffected by knockout of Myocd (Fig. 8E). Therefore,
patterned ASM differentiation directs the branching of the growing
airway epithelium but Myocd expression does not.

It remains unclear how the spatial pattern of ASM is specified in
the developing lung (Goodwin et al., 2019). In general, smooth
muscle differentiation is controlled by both mechanical stretch
(Jakkaraju et al., 2005) and soluble signals (Kim et al., 2015).
Surprisingly, one study found that inhibiting RA led to modest
increases in the expression of ASM markers (Chen et al., 2014).
However, this previous work cultured explants in the presence of
10% serum, which can significantly alter the concentration of
retinol (Engedal et al., 2006) and would also be expected to alter cell
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proliferation, which can affect RA responsiveness in some tissues
(Marcelo et al., 2013; Qiu et al., 2020). Here, we measured the
distribution of SMA protein, which forms the core of the smooth
muscle cytoskeletal machinery (Jaslove and Nelson, 2018), and
found that inhibiting RA decreases aSMA-positive cells at the tips
of epithelial branches. Our observations support the conclusion that
inhibiting RA decreases the rate of ASM differentiation.

Although the lung clearly develops in the presence of
mechanical forces, our understanding of its mechanosensory and
mechanotransduction machinery is still in its infancy. Our data
reveal that AP promotes the nuclear translocation of Yap in the
developing lung epithelium and activates the expression of genes
with Tead-binding sites in their nearby regulatory regions. A central
role for this mechanosensory pathway is supported by the
phenotype of Yap-knockout animals, which fail to form lungs or
initiate branching (Isago etal., 2020; Lin et al., 2017). It is likely that
some of these defects are due to dysregulation of RA signaling.
Consistent with our results, recent work has uncovered links
between Yap nuclear localization and the expression of RA
receptors and biosynthetic machinery in colorectal cancer cells
(Bauzone et al., 2021).

Our findings identify RA signaling as one mechanism by which
mechanical forces regulate morphogenesis in the developing lung.
RA contributes to several developmental processes, from inner ear
development to body-axis elongation (Cunningham and Duester,
2015; Ono et al., 2020), and is crucial for the formation of organs in
which mechanical forces are also required for tissue growth,
including the eye (Molotkov et al., 2006). However, few studies
have investigated whether mechanical forces influence RA
signaling or vice versa (Guo et al., 2016; Xiao et al., 2018). Our
finding of a role for RA signaling in mechanotransduction
downstream of Yap in the developing lung suggests that future
studies might reveal a similar interplay between RA and Yap in the
development of other tissues.

MATERIALS AND METHODS

Whole-lung RNA-seq bioinformatics analysis

Differential gene-expression analysis was carried out as previously
described for an RNA-seq dataset of lungs cultured under high or low AP,
available from the Gene Expression Omnibus with the GEO accession
GSE90148 (Nelson et al., 2017). A custom Python script was created to
identify sequences of DNase-hypersensitive regions near genes that were
significantly differentially expressed under high versus low AP. Using the
locations of DNase-hypersensitive regions from the mouse ENCODE lung
DNase-hypersensitivity dataset (Yue et al., 2014), we generated a list of the
locations of DNase-hypersensitive regions in the mm10 mouse genome
build downloaded from the University of California, Santa Cruz (UCSC)
genome browser (Kent et al., 2002). We then used the list of all NCBI
Refseq mouse genes from the UCSC genome browser to locate the TSS of
each gene. We compared the TSS of each gene to the start and end points of
each DNase-hypersensitive region on the same chromosome and assigned
each DNase-hypersensitive region as associated to the gene with the nearest
TSS. We then extracted the sequences of all DNase-hypersensitive regions
assigned to genes that were significantly increased under high AP as a
FASTA file. This process was repeated on a list of random mouse genes
generated by the Regulatory Sequence Analysis Tools web interface
(Nguyen et al., 2018) to obtain a FASTA file of background sequences. The
high AP FASTA file was assayed for motifs that were overrepresented
relative to the background file using the HOMER findMotifs.p] FASTA
motif analysis script (Heinz et al., 2010). Gene identifiers were converted
between Refseq and official gene-symbol formats using DAVID (Huang
et al.,, 2009a,b). To determine whether genes involved in RA signaling
depend on the expression of Yap in the airway epithelium, we analyzed a
previously published bulk RNA-seq dataset (GSE93339) from E12.5 lungs

of Shh-Cre*; Yap™" embryos and littermate controls (Lin et al., 2017). For
each gene of interest, we retrieved the log, fold changes and adjusted P-
values provided in this GEO entry. We also obtained published bulk RNA-
seq data from E13.5 lungs (five controls and five mutants) in which Myocd
had been deleted from the mesenchyme (GSE143394; Young et al., 2020).
Data were processed using the DESeq2 package (Love et al., 2014), which
was used to import data and estimate size factors and dispersions. DESeq2
was then used to calculate differential expression of genes and their
significance using the Wald test. We focused on genes from GO biological
process terms and KEGG signaling pathway terms involved in cell
contractility and adhesion. We then used volcano plots to visualize
adjusted P-values and log, fold changes for each of these gene sets.

scRNA-seq analysis

Left lobes from E11.5 mouse lungs were treated with dispase for 10 min,
dissociated with tungsten needles, and resuspended in DMEM without
HEPES supplemented with 5% fetal bovine serum (FBS). The resulting
solution was passed through a 40-um-diameter pore filter. Samples were
then processed at the Princeton Genomics Core Facility on a 10x Genomics
Chromium Controller and with an Illumina Nextera library prep kit to
barcode and reverse-transcribe RNA from single cells, and the cDNA was
sequenced using an Illumina HiSeq 2500 Rapid Flow Cell to generate
paired-end reads. FASTQ base calling was performed using 10x CellRanger
software. The resulting sequence files were processed using the R
Bioconductor package Seurat 3.0 to scale the data, find variable features
and perform cell-stage correction and cell clustering based on expression of
known markers of cell types in the developing lung (Butler et al., 2018;
Stuart et al., 2019). Blood cells were removed at this stage to focus the
analysis on native lung cell types. scRNA-seq data are available from the
Gene Expression Omnibus with the GEO accession GSE153069 (Goodwin
et al.,, 2020). Transcriptional differences between proximal and distal
epithelial cell identities were investigated using a previously published
dataset (GSE144170) of scRNA-seq data from airway epithelial cells
isolated at E15.5 (Gerner-Mauro et al., 2020) also processed with Seurat.
Only cells expressing Cdhl were included. To focus on proximal and distal
cell types, cells were classified based on whether they expressed Sox2, Sox9
or neither.

Mouse husbandry

CD1 mice were obtained from Charles River. RARE-hsp68lacZ RA receptor
activation reporter (RARE-lacZ; JAX 008477) (Rossant et al., 1991), Shh-
Cre-EGFP (Shh-Cre; JAX 005622) and Yap-flox/flox (Yap™; TAX 027929)
mice were obtained from the Jackson Laboratory. Breeding pairs were set up
locally for timed pregnancy. Yap™";RARE-lacZ females were generated by
breeding Yap™" mice with RARE-lacZ mice and Shh-Cre*;Yap™" males
were generated by breeding Yap™" mice with Shi-Cre* mice. Yap™";RARE-
lacZ females were mated with Shi-Cre”, Yap’'* males to generate timed
pregnancies of Shh-Cre;Yap™:RARE-lacZ (lung epithelial Yap knockout)
and littermate control RARE reporter embryos. Pups and embryos were
genotyped by PCR and gel electrophoresis on DNA extracted from pup tail-
snips or embryo hindlimbs and tails. All primers used for genotyping are
listed in Table S2. Embryos were isolated in accordance with institutional
guidelines following the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Princeton University
Institutional Animal Care and Use Committee.

Embryonic lung explant culture

Lungs were dissected and cultured as explants as previously described (Kim
et al., 2015). Briefly, lungs were dissected from embryos in cold phosphate
buffered saline (PBS) supplemented with 1% penicillin/streptomycin
(Gibco, Thermo Fisher Scientific). Explants were cultured on microetched
nucleopore filters (8 um pore size, 25 mm diameter; Whatman) in DMEM/
F12 medium without HEPES buffer (HyClone, GE) supplemented with 5%
filtered, heat-inactivated FBS and 1% penicillin/streptomycin (Gibco).
Explants were treated with BMS493 (1 uM, Sigma-Aldrich), nitrofen
(5 uM, Sigma-Aldrich), forskolin (5 uM, Sigma-Aldrich), verteporfin
(2 uM, Sigma-Aldrich), or dimethyl sulfoxide (DMSO) vehicle control
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(ATCC), or Fgfl (1 ug, R&D Systems) or PBS vehicle control. Medium was
replaced every 24 h in all explant culture experiments. Cell proliferation was
measured by EdU incorporation using a Click-iT EdU Imaging Kit
(Invitrogen) by incubating lungs at 37°C with 20 uM EdU for 30 min. In
culture experiments, EQU was added directly to the culture medium; in Yap
epithelial knockout experiments, lungs were dissected and cultured on
nucleopore filters for 1 h before adding EdU to the culture medium.

Cell culture

Primary mesenchymal cells were harvested from E11.5 CD1 or RARE-lacZ
mouse lungs using a differential plating technique (Schuger et al., 1993).
Briefly, lungs were digested with 0.25% trypsin and 0.05% EDTA (Gibco)
while pipetting vigorously. Homogenized mixtures of embryonic lung cells
were allowed to attach directly onto microcontact-printed islands of
fibronectin for 1 h before unattached cells were washed off with PBS and
new medium was added, allowing only enough time for mesenchymal cells
to attach. Cells were cultured in Eagle’s Minimal Essential Medium
(EMEM; ATCC) supplemented with 10% FBS, 1% penicillin/streptomycin,
and 50 pg/ml gentamycin (Gibco). Cultures were treated with BMS493
(1 uM) or DMSO vehicle control where indicated.

Microcontact printing

Regularly spaced 30-um-wide squares or lines of fibronectin were
microcontact printed onto UVO-treated polydimethylsiloxane (PDMS)-
coated glass coverslips using sterile stamps of PDMS that were adsorbed
with fibronectin (25 pg/ml, Corning) in PBS at 4°C overnight and dried
under compressed nitrogen (Gomez and Nelson, 2011). Coverslips were
then passivated using a solution of 1% synperonic F108 (Fluka) for 20 min
and washed twice with PBS.

Quantitative real time-PCR (qRT-PCR) analysis

Total RNA was extracted using TRIzol® reagent according to the
manufacturer’s instructions, followed by cDNA synthesis using the Verso
cDNA synthesis kit with poly(dT) primers (Thermo Fisher Scientific).
Transcript levels were measured by qRT-PCR using an Applied Biosystems
StepOne Plus instrument and iTaq Universal SYBR Green Supermix (Bio-
Rad). Amplification was followed by melting-curve analysis to verify the
presence of a single PCR product. Primers specific for each target are listed
in Table S3. The relative expression of each transcript was quantified using
the AACt method with the 18S ribosomal subunit as the calibrator in each
sample (Schmittgen and Livak, 2008). The efficiency of each primer was
between 90 and 105% (Schmittgen and Livak, 2008) according to a standard
curve of serially diluted template.

Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde (PFA; Fisher) for 15 min,
permeabilized in 0.5% Triton X-100 (PBS-T), blocked in PBS-T
supplemented with 10% FBS, incubated with primary antibody for 1 h at
room temperature, washed, blocked, incubated with secondary antibody for
1 h at room temperature, and mounted with Fluoromount-G (Southern
Biotech). Lungs were fixed, permeabilized in 0.1% PBS-T, blocked in PBS-
T supplemented with 5% FBS and 0.1% bovine serum albumin (BSA;
Sigma-Aldrich), incubated overnight with primary antibody at 4°C, washed,
and incubated overnight with secondary antibody at 4°C. Cells and lungs
were counterstained with Hoechst 33342 (Invitrogen). The antibody
sources, targets and dilutions are listed in Table S4. Lungs were
dehydrated progressively in methanol and cleared in 1:2 benzyl alcohol:
benzyl benzoate (Murray’s clear).

Imaging and image analysis

Immunostained samples were imaged on a Nikon Ti-U inverted microscope
with a Hamamatsu camera and a spinning disk confocal attachment (X-
Light) using a Plan Apo 4x 0.2 NA, S Plan Fluor 20% 0.45 NA or Plan Fluor
40x oil 1.3 NA objective. Tiled images were stitched together using the
stitching plugin (Preibisch et al., 2009) for the ImageJ FIJI distribution
(Schneider et al., 2012). Branching morphogenesis was quantified by
counting the number of terminal branches in confocal stacks using the F1JI

cell counter plugin. Brightfield stacks taken on a Leica M205FA
stereomicroscope were processed with the FIJI linear stack alignment with
SIFT and extended depth-of-field plugins (Forster et al., 2004). Displayed
images of sections were white-balanced in FIJI. X-gal staining intensity was
quantified with a custom MATLAB script by outlining the whole lung,
epithelium or mesenchyme, adding together the average red, green and blue
(RGB) values of the selected area and subtracting the sum of the RGB
values of a random background area from the bright-field images. Smooth
muscle wrapping around epithelial branches was measured by finding the
Pearson correlation between epithelial curvature (concave versus convex
regions) and aSMA staining intensity along the outline of each epithelial
branch. oSMA staining intensity was determined by outlining the
epithelium in a confocal slice through the widest portion of a branch and
taking a maximum projection of the aSMA staining at each point along the
outline. The magnitude of curvature (k =—1—) was calculated by
constructing a triangle using the points on the path 5 pixels before and
after each point and finding the radius of the circle circumscribed around the
triangle. After skeletonizing the lung based on the epithelial outline, a
positive curvature was assigned if the vector between the skeleton and the
point was in the same direction as the vector between the point and center of
curvature, and negative otherwise. EAU incorporation was quantified by
selecting a confocal slice through the airway epithelium, counting the
number of EAU™ nuclei per length of epithelium, and averaging over one to
three separate branches on each lung using a custom MATLAB script.
Intensity of «SMA staining in micropatterned cells was measured by sum-
projecting confocal stacks and quantifying cell shape and the total intensity
of staining using a custom MATLAB script. Yapl quantifications were also
performed using a custom MATLAB script. First, images were background-
subtracted, then nuclear masks were generated based on Hoechst staining.
Yapl1 pixel intensities within or outside of nuclei in the airway epithelium
were then measured in five randomly selected regions of interest per
confocal stack. We then took the ratio of nuclear to cytoplasmic intensity as
a readout of Yap activity.

X-gal staining

LacZ-expressing tissues were stained with X-gal by fixing for 30 min in 1%
formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl,, 5 mM EGTA, 0.02%
tergitol (NP-40), permeabilizing with 0.02% tergitol, staining at 4°C or
room temperature from 4 h to overnight in a solution of 5 mM K;3Fe(CN)g,
2 mM MgCl,, 0.01% sodium deoxycholate, 0.02% tergitol and 1 mg/ml X-
gal, and post-fixing with 4% PFA. Stained tissues were either cleared in 75%
glycerol and imaged in wholemount on a Leica M205FA stereomicroscope
or embedded in optimal cutting temperature compound (OCT), cut into 10-
um-thick sections on a Leica CM3050S cryostat, mounted with
Fluoromount-G and imaged on a Nikon Eclipse TS100 with an attached
Nikon CoolPix camera or Leica M205FA stereomicroscope. To examine X-
gal stain in epithelial rudiments denuded of mesenchyme, lungs from
RARE-lacZ reporter mice were explanted and incubated at room temperature
for 5 min in dispase (Corning), which was subsequently inactivated in
DMEM:F12 media supplemented with 5% FBS and 0.1% BSA. Tungsten
needles (Fine Science Tools) were then used to remove the mesenchyme and
the resulting epithelial rudiments were fixed and stained with X-gal as
described above.

In situ hybridization

Probe sequences were generated by PCR (primers listed in Table S5) from
embryonic mouse lung ¢cDNA and ligated into a dual promoter pCRII-
TOPO vector (Invitrogen) that was transformed into Max Efficiency DH5o
chemically competent cells (Invitrogen) for amplification. Plasmids were
harvested using a Qiagen Midi Prep kit and digested using the appropriate
restriction enzymes for each promoter. Antisense and sense digoxigenin-
uridine-5'-triphosphate (UTP)-labeled riboprobes were synthesized using a
DIG RNA Labeling Kit (SP6/T7) (Roche) and purified using quick spin
columns for radiolabeled RNA purification (Roche). Explanted lungs were
fixed in 4% paraformaldehyde overnight, dehydrated in methanol,
rehydrated and digested with Proteinase K (Ambion) before incubating
with probe overnight at hybridization temperature in a Bambino
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Hybridization Oven (Boekel Scientific). Hybridized tissues were probed
with AP-anti-DIG antibody Fab fragment (Roche) and color was developed
using nitro blue tetrazolium chloride (NBT; Roche) and 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP; Roche) solutions. Stained tissues were cleared
in 75% glycerol and imaged in wholemount on a Leica M205FA
stereomicroscope.

Computational modeling

An idealized 3D model and finite-element mesh of an epithelial branch
surrounded by smooth muscle and undifferentiated mesenchyme were
created using the computer-aided design functionality of Gmsh (Geuzaine
and Remacle, 2009). As described previously (Goodwin et al., 2019), the
epithelium, mesenchyme, and smooth muscle compartments were modeled
as connected hyperelastic solids, each with different elastic moduli.
Epithelial growth was modeled as an isotropic expansion of the size of
the epithelial layer in a plane tangential to the epithelium at each point. The
FEniCS Python module (Logg et al., 2012) was used to numerically
minimize the potential energy at each timestep as the epithelium grew. The
results were visualized and plotted using ParaView (Squillacote and Ahrens,
2006) and the Matplotlib Python package. Additional details on the
mathematical formulation of the problem are available in supplementary
Materials and Methods.

Statistical analysis

Statistical analyses were carried out using the Python SciPy Stats and
statsmodels packages or Microsoft Excel. Unpaired, two-tailed Student’s -
tests were used for pairwise comparisons and ANOVA with Tukey’s post-
hoc test was used to compare more than two groups. Statistical significance
in figures is denoted as *P<0.05, **P<0.01 and ***P<0.001 and exact
values for significant results are noted in the figure legends. In box-and-
whisker plots, the midline, box, and whiskers represent the median, upper
and lower quartiles, and furthest points, respectively, with the whiskers
excluding outliers defined as points further than 1.5% interquartile range
outside of the box limits. Individual data points on graphs represent
individual lungs from three independent experiments, except where noted.
The standard error of the mean (s.e.m.) of ASM wrapping to epithelial
proliferation ratios was calculated by error propagation of the s.e.m. from the
correlation of ASM to curvature and epithelial proliferation. Permutation
tests to compare ASM wrapping to epithelial proliferation were carried out

muscle Wrappingeonror __ Muscle wrappingyeament then
prolifemtiorlw,,,ml proll]erati()n,r‘,,,,,,,‘,m ’

randomly reassigning the ASM wrapping and proliferation data points to
treatment or control groups and calculating the test statistic 10,000 times.
The P-value was calculated by finding the proportion of permuted 7 that had
a larger absolute value than the experimentally determined 7.

by defining a test statistic 7 =
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Supplementary Figure 1

Analysis Based on Adult Hypersensitivity Data
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Fig. S1. Transcription-factor-binding motifs identified using a novel bioinformatics approach.
A) Histogram of the lengths of all investigated DNase-hypersensitive regions from adult mouse
lung ENCODE data. Dashed line shows the maximum length of a DNase-hypersensitive region
that was included. B) Histogram of the distance of each DNase-hypersensitive region to the
nearest TSS in the genome, using adult lung data. C) All identified TF motifs were ranked by
their enrichment p-values in DNase-hypersensitive regions within different distances of the TSS
in our dataset (corresponding to dashed lines in B). Datapoints represent the average difference
in rank between TFs at each cutoff distance and their rank at the largest cutoff distance. D) Top
three identified motifs using adult lung DNase-hypersensitivity data. E) Top 13 motifs identified
using £14 lung DNase-hypersensitivity data. TSS, transcription start site; bp, base pairs; TF,

transcription factor.
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Supplementary Figure 2

A gene fhg;r(]gj:; adjusted p B gene .’ghg:r(];oér)] adjusted p
Rbp4 0.543 0.431 Rbp2 t
Stra6é -0.173 0.834 Rdh9 -0.468 1
Rdh1 0.590 0.524 Rdh11 0.152 0.228
Rdh9 - 1.400 0.0789 Rdh12 0.373 0.284
Rdh10 -0.658 0.159 Rdh13 0.011 0.93
Rdh11 0.026 0.928 Rdh14 0.143 0.368
Rdh12 -0.244 0.672 Adh4 0.435 1
Rdh13 -0.120 0.744 Hsd17b11 0.230 0.121
Dhrs3 -0.316 0.223 % Hsd17b13 -0.960 1
% Hsd17b11 0.226 0.571 % Bemot -1.066 1
5 Bomot 0.195 0.855 % Aldh1a2 (Raldh2) 0.006 0.957
= Lrat 0.333 0.679 % Aldh1a3 (Raldh3) | -0.636 1
Aldh1a2 (Raldh2) -0.361 0.492 Aldh8a1 -1.002 1
Aldh1a3 (Raldh3) -0.502 0.258 Cyp26at 1.240 1
Cyp26al -0.721 0.376 Cyp26b1 -0.069 0.635
Crabp2 -0.088 0.859 Cyp26c1 0.304 1
Nr2f2 0.105 0.784 Rara -0.032 0.779
Rara -0.285 0.321 Rarb -0.077 0.524
Rarb -0.328 0.119 Rxra -0.062 0.548
Rarg 0.019 0.981 Rxrb -0.096 0.377
Rxra 0.480 011 Rxrg 0.007 0.98
Rxrb 0.231 0.654
Rxrg -0.907 0.0997

Fig. S2. Relative expression and adjusted p value of genes in the RA biosynthetic pathway that
are differentially expressed A) under high AP or B) when Yap is deleted from the epithelium. See
Figure 2C,E for significantly diferent pathway components and Figure 2D,F for volcano plots of

these genes.
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Supplementary Figure 3

« Rarb E15

o

ontrol

Sox2+ Sox9+
(prox) (dist)

Fig. S3. Negative controls for in situ hybridization. Lungs incubated with positive sense
(negative control) in situ hybridization probes for A) Nkx2-1, B) Rara, C) Rarb, and E) Aldhla2
developed in parallel with the explants shown in Figure 3. Lungs incubated with

F) antisense and G) sense in situ hybridization probes for A/dhla2 for a shorter development
time show a similar pattern of staining as in Figure 3H and very little sense staining compared to
panel E. All scale bars, 250 um. D) Rarb expression in sScCRNA-seq data from E15.5 airway
epithelial cells. Sox2 is expressed in the proximal (prox) airway epithelium and Sox9 is expressed

in the distal (dist) airway epithelium.
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Supplementary Figure 4

D shh-Cre:Yap'™  Shh-Cre':Yap™ G

2 (control) (epi. KO) vehicle forskolin
[ vehicle |

I forskolin

RARE-LacZ

Myhi1
Tagin
Cnn1

charcoal stripped
verteporfin control serum sel

H vehicle verteportin

C - F
1.5 —_— =
S g —— R
2310 === 5o
2
>~§ %g
LG 05 82
€0 # 0
[5]
2

vehicle verteporfin control  charcoal-

serum stripped

Fig. S4. Effects of forskolin, verteporfin, and Yap knockout on E11.5 lung explants. A) X-gal staining in

control

(epi. KO)

vl
T

Shh-Cre*;Yap™

E11.5 lungs explanted from RARE-LacZ reporter mice cultured in the presence of forskolin or vehicle
control (DMSO) for 48 h. B) qRT-PCR analysis for smooth muscle gene markers in lungs cultured in
the presence of forskolin or DMSO for 48 h. Shown are mean + s.e.m. Datapoints represent pooled RNA
from 2-3 lungs from 3 independent experiments. C) Immunofluorescence analysis for Ecad, cleaved
caspase 3 (CC3), and Yap in £11.5 lung explants cultured in the presence of verteporfin or vehicle
control for 24 h. Scale bars: top row, 100 um; bottom two rows, 50 pum. D) Quantification of the ratio of
nuclear to cytoplasmic Yap staining in £11.5 lung explants cultured in the presence of verteporfin or
vehicle control for 24 h. p = 0.00700 as denoted by Student’s t-test. E) X-gal staining in £11.5 lungs
explanted from RARE-LacZ reporter mice cultured in the presence of verteporfin or vehicle control
(DMSO) for 48 h. X-gal staining in £11.5 Shh-Cre; Yap™";RARE-LacZ epithelial Yap knockout (epi.
KO) reporter F) lungs or G) mesenchyme-free epithelium. A, E, scale bars, 100 um.

C
9
)

©

£
fe
..,9
£

o)

|4

(]
i)

C

()

S
Q

Q

Q

S
wn

L]
FE)

[

()

£

Q
9

(]

>

()
)



Development: doi:10.1242/dev.199726: Supplementary information

Supplementary Figure 5
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Fig. SS. Inhibiting RA signaling by treating RARE-LacZ reporter mouse lung explants with
BMS493 decreases X-gal staining. A) Lungs cultured for 24 h in media supplemented with
charcoal-stripped serum or non-charcoal stripped serum (control serum); brightfield scale bars,
500 wm; immunofluorescence scale bars, 250 um. B) Relative change in the number of branches
in E11.5 lung explants cultured in control medium or in medium containing charcoal-stripped
serum for 24 h. X-gal stains of C) whole mounts and D-H) sections of lungs explanted from
RARE-LacZ reporter mice cultured in the presence of BMS493 or vehicle control (DMSO) for
48 h. Scale bars: A, B 500 pm; C-F, 200 um. Arrowheads indicate regions of darker X-gal stain
in the mesothelium of controls. I) Immunofluorescence analysis for Yap and Ecad (scale bars,
50 um) and J) quantification of the ratio of nuclear to cytoplasmic Yap in the epithelium in
E11.5 lung explants cultured in the presence of BMS493 or vehicle control for 48 h. K)
Immunofluorescence analysis for Ecad and aSMA and L) quantification of the number of
epithelial branches in E£11.5 lung explants cultured in the presence of forskolin, forskolin and
BMS493, or vehicle control for 24 h. p = 0.0250 as denoted by one-way ANOVA, p = 0.0201 as
denoted by Tukey’s post-hoc test between lungs cultured in the presence of forskolin and lungs
cultured in the presence of forskolin and BMS493. Scale bars, 100 pum.

M) Immunofluorescence analysis for fibronectin and Ecad (scale bars, left 200 pm; right 50 um),
and N) quantification of the correlation of fibronectin staining intensity to epithelial curvature in

E11.5 lung explants cultured in the presence of BMS493 or vehicle control for 48 h.
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Fig. S6. Inhibiting RA signaling does not directly affect the differentiation of primary
embryonic lung mesenchyme into smooth muscle cells. A) Phase-contrast images of cells on
squares (rounded cells) or lines (elongated cells) of fibronectin after 1 h or 24 h of culture; scale
bars, 50 um. B) Immunofluorescence analysis for aSMA in rounded or elongated cells after 24
h of culture. Scale bars, 50 um. C) Quantification of aSMA staining intensity in cells of
different aspect ratios in panel B. Datapoints represent individual cells from 4 independent
experiments. D) Quantification of average aSMA staining intensity in elongated versus rounded
cells in panel B. Datapoints represent averages of all cells from each of 4 independent
experiments. p = 0.0189 as denoted by Student’s t-test. E) Quantification of aSMA staining
intensity in rounded or elongated cells cultured with or without BMS493. Datapoints represent
averages of all cells from each of 3 independent experiments. Shown are mean + s.e.m. ns, not

significant.
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Supplementary Figure 7
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Fig. S7. Geometric parameters of the computational model. A) Epithelial coordinate system
consisting of the normal vector and two tangent vectors to the epithelium. B) Angles in the es-e3
plane between which epithelial proliferation is increased in models with increased proliferation
along the flanks of the epithelium. C) Angles in the e;-e2 plane between which epithelial
proliferation is increased in models with increased proliferation along the flanks of the
epithelium. Initial geometries of simulations with Eep = Emes and D) no ASM, or G) ASM. Initial
geometries of simulations without ASM but with a thin layer of mesenchyme of stiffness

J) 0.3E¢ or L) 2E¢p adjacent to the mesenchyme in a similar spatial pattern to the ASM of other
models. E, H, K, M) Final geometries of simulations in panels D, G, J, and L respectively.
Arrowheads in J, K, L, and M point to areas of increased mesenchymal stiffness. F, I) Final
geometries of simulations using different epithelial stiffnesses for the classes of models

represented by panels D and G, respectively.
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Supplementary Figure 8

w
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Cnnt -0.331 0.548 ASM marker
Cald1 -0.319 3.20 %1073 ASM marker
Actnt -0.196 0.0597 ASM marker
actnz [T 5.00 <107 | ASM marker
Actn3 0.945 4,05 x107° ASM marker
Actn4 -0.265 0.0104 ASM marker
Speg 0.382 0.0154 ASM marker
Lpp 0.263 0.0853 ASM marker
Srf -0.057 0.851 ASM marker
Myocd -1.279 5.00 x107° ASM marker
Mkl -0.115 0.384 ASM marker
Mki2 0.431 5.00 x107° ASM marker
tmod1 |\ 52214 | 500105 |  ASM marker
Des 1.103 5.00 x107° ASM marker
Vim 0.059 0.586 ASM marker
Vel -0.106 0.442 ASM marker
Mylk -0.464 5.00%107° ASM marker
Smin -0.354 1.45x1072 ASM marker
Heyl -0.558 1.50 x1074 ASM marker
Nog -0.829 1.50 x1074 ASM marker
Cspg4 0.080 0.592 ASM marker
Foxf1 -1.005 5.00 x107° ASM marker
Gatas 0.454 5.00 x107° ASM marker

Fig. S8. Expression of ASM genes is modulated by Yap and AP. A) Relative expression,
adjusted p value, and expected effect on ASM differentiation or marker status of ASM-
controlling or marker genes that are significantly differentially expressed in the lung when Yap
is conditionally knocked out in the airway epithelium. B) Volcano plot of the gene expression
changes from A. C) Immunofluorescence analysis for aSMA and Ecad in £11.5 Shh-Cre; Yap™"
or littermate control lungs cultured in the presence of forskolin or vehicle control for 48 h. Scale

bars, 50 pm.
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Supplementary Figure 9
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Fig. S9. Myocd knockout has a small effect on expression of genes involved in smooth muscle

differentiation, ECM adhesion, and cytoskeletal organization. Volcano plots of relative

expression and adjusted p value of genes involved in ECM deposition and adhesion and smooth

muscle differentiation, cytoskeletal organization, and contraction from £13.5 lungs with

mesenchymal Myocd knockout organized by the relevant A) Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways and B) gene ontology (GO) groupings.
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Table S1. Relative changes ang-values for differentially expressed genes in explanted £12.5
mouse lungs cultured under 200 or 20 Pa AP for 48 h, as described in (Nelson et al., 2017) Click

here to download Table S1

Table S2. Primers used to genotype transgenic mice and embryos.

Gene Sequence (5’ — 3°) Reference
Yap F: AGGACAGCCAGGACTACACAG Jackson Labs
P R: CACCAGCCTTTAAATTGAGAAC
Cre F: GCATTACCGGTCGATGCAACGAGTGATGAG i

R: GAGTGAACGAACCTGGTCGAAATCAGTGCG
F: ATCCTCTGCATGGTCAGGTC

Lacz R: CGTGGCCTGATTCATTCC Jackson Labs
Table S3. Primer sequences used for qRT-PCR.
Target Symbol Sequence (8° — 3°) Reference
18S ribosomal 188 F: TCAGATACCGTCGTAGTTC (Lee et al.,
subunit R: CCTTTAAGTTTCAGCTTTGC 2012)
a-smooth muscle etar F: GCATCCACGAAACCACCTA (Sousa et
actin et R: CACGAGTAACAAATCAAAGC al., 2007)
transeelin Tacln F: TCCAGTCCACAAACGACCAAGC (Tanaka et
& & R: GAATTGAGCCACCTGTTCCATCTG | al., 2008)
Sf?"g’:i};rﬁ::de MohIT F: GCTAATCCACCCCCGGAGTA | (Wilczewski
y hain vy Y R: TCGCTGAGCTGCCCTTTCT etal., 2018)
calponin Cnl F: ATGTCTTCTGCACATTTTAACC (Hayashi et
p R: GCTCAAATCTCCGCTCTTG al., 2006)
serum response Sif F: GCTTCACCAGATGGCTGTGATA (Schlesinger
factor R: AATAAGTGGTGCCGTCCCTTG etal., 2011)
retinoic acid F: TAGAAAACGACGACCCAGCA . (Ne-
Rarb Blichfeldt et
receptor-f R: TGGGGTCAAGGGTTCATGTC al.. 2018)

Development ¢ Supplementary information
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Table S4. Antibodies used for immunostaining.

. Antibody Product
Target Species Dilution Source Number
E-cadherin Rabbit 1:200 Cell Signaling 24E10
E-cadherin Rat IgG2a 1:200 ThermoFisher 13-1900
a-smooth Mouse 1:400 Millipore- A5228
muscle actin Sigma
a-smooth Rabbit 1:200 Abcam ab5694
muscle actin
Yapl Rabbit 1:200 Novus | NB110-58358
Biologicals
fibronectin Rabbit 1:200 Sigma-Aldrich F3648
cleaved ) ) )
Rabbit 1:200 Cell Signaling 9661S
caspase-3
anti-mouse
alexa fluor Goat 1:200 ThermoFisher A11032
594
anti-mouse
alexa fluor Goat 1:200 ThermoFisher A21235
647
anti-rabbit
alexa fluor Goat 1:200 ThermoFisher A11034
488
anti-rabbit
alexa fluor Goat 1:200 ThermoFisher A11012
594
anti-rabbit
alexa fluor Goat 1:200 ThermoFisher A21245
647
anti-rat alexa Goat 1:200 | ThermoFisher |  A11006
fluor 488
anti-rat alexa Goat 1:200 | ThermoFisher |  A11007
fluor 594
Table S5. Primers used to generate probes for in situ hybridization.
Gene Sequence (5’ — 3°) Reference
Rar F: ATGGGGTCAGCGCCTGTGAGG i
ard R: AGCGGCTCTTGCAGCATGTCC
Rarb F: TGGAGTTCGTGGACTTTTCTG i
R: GCTCCGCTGTCATCTCATA
Nkx2-1 F: CAACAACTGCAGCAGGACAG (Visel et al., 2004)
(TH1) R: GTCCGACCATAAAGCAAGGTAG ”
Aldhla2 F: TGCTGATGTTCACCTGGAA i
(Raldh2) R: TGCGGAGGATACCATGAG
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Young's modulus

Movie 1. Computational model without smooth muscle. Related to Figure 6D,E.
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Movie 2. Computational model with smooth muscle. Related to Figure 6G,H.
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Movie 3. Computational model with increased growth along the flanks of the epithelium in a
simulation with thick epithelium (#ep/Rous = 0.12). Related to Figure 6J,K.

Movie 4. Computational model with increased growth along the flanks of the epithelium in a
simulation with thin epithelium (zep/Rous = 0.05). Related to Figure 6J,L.
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Supplementary Materials and Methods

Computational Model

We constructed a computational model, based on previous work (Goodwin et al., 2019; Nerger
et al., 2021), of a growing epithelium surrounded by a stiff layer of smooth muscle to
determine the relative roles of epithelial proliferation and smooth muscle differentiation in

formation of epithelial cysts versus branches.

Geometry and physical properties

The geometry of the model consists of a short cylinder with a spherical cap on one end,
comprising 3 layers around a central lumen, as shown in Figure 6A-B: an inner layer of
epithelium surrounded by an incomplete layer of smooth muscle and an outer layer of
mesenchyme, denoted as ep, sm, and mes, respectively. The smooth muscle wraps
circumferentially around the cylindrical part of the epithelium and forms a strap around the tip of

the spherical epithelial cap (Figure 6B).

The thicknesses of the epithelial and smooth muscle layers are denoted as tep and fmus,
respectively, and the overall radius of the model is denoted as Rour. The relative thicknesses of
the layers in the model, in particular the ratio of #e»/Rous, are based on our experimental

measurements (Figure 6B-C).

Mechanical model
We follow (Rodriguez et al, 1994) to model tissue growth, where the shape change of tissues
from the reference state is considered to be due to a combination of growth and elastic

deformation. The system is assumed to be in quasi-mechanical equilibrium, since mechanical
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relaxation is much faster than the processes of epithelial growth and smooth muscle
differentiation. The equilibrium state can be obtained by the following energy-minimizing

procedures:

Suppose that the tissue initially occupies a volume Q in a 3D Euclidian space, with a fixed
Cartesian coordinate (X;, X;, X3) and an orthonormal basis (e, e,, e3). After some time ¢, the
volume of the tissue turns into Qt and for each point in the reference volume, its Cartesian
coordinates X = X; e; get mapped into a difference vector x = x; e; (summation over repeated

indices is implied), and we denote such mapping as x = @(X).

Following (Ogden, 1997), shape transformation from the reference state can be described by the

ox

X and, following (Rodriguez et al, 1994), we adopt the so-

deformation gradient tensor F =

called multiplicative decomposition: F = F®FY. This decomposition essentially assumes that the
tissue first grows to an intermediate stress-free state due to F9 (often referred to as the growth

tensor) and then to the final state by an additional elastic deformation due to F¢. It is often more
. . . ou . .
convenient to work with the displacement field u = x — X and, hence, F = I + ﬁ with I being

the identity tensor.

We model all three layers as neo-Hookean hyperelastic solids, with the following strain energy

density function (Ogden, 1997):

1 A
P(Fe = FF9™) =L (1 = 3) - () + 5Ing)? @
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where J¢ = det(F¢), I§ = trace(C) and C = (F¢)T F¢ is the right Cauchy-Green tensor. A and

u are Lamé parameters, which are related to the Young’s modulus E and Poisson ratio v through:

Ev E

Marwa-y fTaew 24.5)

The relative Young's moduli were estimated as reported in Figure 6C, and v = 0.4 is assumed for
all three layers. Gmsh was used to create a linear tetrahedral mesh for applying the finite element

method (FEM) to the geometry (Geuzaine and Remacle, 2009).

Growth tensor
The growth tensor F9 uniquely determines the shape transformation due to growth. For

simplicity, we assume that the undifferentiated mesenchyme and smooth muscle tissues do not
grow, i.e., FJ . = FJ = I. Based on experimental observations, we consider the following
growth tensor for the epithelium:

Fl,=n@®n+ge, Qe, +ge, ey, (3)
where n is the outer normal vector, and e,, and e, are the tangent vectors of the epithelium

(Figure S7A). At the beginning of the simulation g = 1. g then increases linearly for 10

timesteps until g = 2.

In simulations of spatially-patterned proliferation, the total growth of the epithelium g;,, 1s

Jtot =9 + (.g - 1)(gregion1 + gregionz) (4)

where
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¢ _ ¢’posi - ¢width ¢posi + ¢width _ q) 09— epas - 9h.eighl: 9pus + eheight —9
1+ tanh - 2 tanh -2 1+ tanh 2 tanh 2
Otrans Otrans Otrans Otrans

gregioni = 2 2 (5)

where ¢ is the azimuth angle and 0 is the inclination angle and Gpost = 0, Ppos2 = 7, Pwidth = g, Opos

TC

2 eheight = g, and Otrans = 0.15 (Figure S7B-C)

ASM differentiation

In simulations including smooth muscle, the smooth muscle wrapped around the tip of the
epithelium (Figure 6B, red dashed box) begins the simulation with stiffness Emes and increases in
stiffness linearly throughout simulation time until it reaches Emus at the end of the simulation. In
simulations in which we modify the rate of ASM differentiation relative to epithelial

proliferation, smooth muscle stiffness increases linearly but more slowly, such that at the end of

. . . . . A Efinal/E
simulation time the stiffness is Efinas, where the color bar in Figure 7C represents gﬂ"a—gm"s,
final ~— Yinitial

where ginitiaqr = 1and grinai = 2, as defined above. The smooth muscle around the flanks of

the epithelium (Figure 6A, magenta) has modulus Emus throughout all simulations.

Boundary conditions

The bottom surface of the model d(), has a fixed displacement u3 = 0. The displacement of the
point at the distal tip of the top of the mesenchyme has a fixed displacement of ui=u2 =0 to
prevent translation of the structure, and a point on d(), on the outer circumference of the

mesenchyme has a fixed displacement of u2 = 0 to prevent rotation of the structure.
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The outside surface of the mesenchyme is considered traction-free, but the inner surface of the
epithelium, .2, has a positive pressure opposite to the normal vector n at every point such that

the traction force ¢
t=—pn, (6)

where p = 0.1E,,,.s (Chevalier et al., 2016; Nelson et al., 2017). And n is the outer normal vector

of Q™ in the deformed state.

Finite element method

The equilibrium state of the system at each time step can be determined by obtaining the

stationary point of the following potential energy function (Dervaux and Ben Amar, 2011):

H=L]9¢(Fe) dX—LB-udX—f t-uds, (7)

aQin
where Q is the whole domain of the reference state, dX is an infinitesimal volume element of the
domain, B = 0 everywhere on Q because no body-force is applied to the structure, 9Q"
represents the luminal boundary of the epithelium in the deformed configuration, and ds is an
infinitesimal element of the boundary in the deformed state. The stationary point of the above

potential energy can be obtained by solving the following equation:

0=81‘[=6j]91,b(Fe) dX+j pn-duds (84)
n ad

nin

= 6fjgz,b(Fe) dX +J p(JF™TN) - sudS (8B)
0 ]

nin
where 02 and dS are the luminal boundary and the infinitesimal surface elements of the

luminal boundary of the undeformed epithelial domain, respectively.
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We used the FEM to solve the above minimization problem numerically (Bathe, 1996). Using
the tetrahedral mesh generated by Gmsh to discretize the domain (2, we solved for u at each
timestep using the open-source FEniCS software (Logg et al., 2012) to apply the Newton-
Raphson algorithm (Atkinson, 1989) in each element of the mesh. Where the Newton-Raphson
algorithm failed to converge, we applied the dynamic relaxation method (Underwood, 1983) to
find the u that minimized the problem. The results were visualized in the open-source tool

Paraview (Squillacote and Ahrens, 2006).

The solution was tested to be robust to mesh refinements. The basic physics of the simulation
was tested by inspecting the results of simulations with pressure in the lumen but without

epithelial growth to ensure the model expanded in this case as expected.
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